In recent years, the focus of cancer drug development has shifted from conventional cytotoxic drugs to molecularly targeted therapeutics ([@bib10]). To achieve the goal of tailored, pathogenesis-oriented cancer therapies, detailed knowledge of the events that underlie the initiation and maintenance of the transformed phenotype is necessary ([@bib45]), an insight that has fueled major efforts to catalog the genetic changes that drive the most common human cancers ([@bib19]). However, even though the identification of acquired genetic alterations that cause certain cancer types has led to remarkable therapeutic successes ([@bib18]; [@bib42]; [@bib12]), many cancer-associated mutations are difficult to inhibit directly. Thus, only a limited number of discoveries from current cancer genome efforts have generated immediately actionable drug targets.

The dilemma of "undruggable" genetic lesions is exemplified by the point mutations in the *KRAS* protooncogene that occur in ∼30% of human cancers and are particularly prevalent in adenocarcinomas of the pancreas, lung, and colon ([@bib20]). Although oncogenic *KRAS* alleles were first identified \>20 yr ago, mutant KRAS has evaded all attempts at therapeutic targeting so far ([@bib28]; [@bib11]; [@bib37]). Furthermore, KRAS mutations have not only proved to be undruggable, but are now understood to be predictors of nonresponsiveness to molecularly targeted therapies such as EGFR inhibitors in lung and colon cancer ([@bib38]; [@bib4]). To address the challenge of selective targeting of cancer cells harboring oncogenic KRAS, many laboratory studies are focusing on signal transduction pathways downstream of KRAS, and several signaling molecules that are regulated by RAS, such as RAF, MEK, and PI3K, are being targeted by drugs in early clinical trials ([@bib23]; [@bib16]; [@bib13]; [@bib57]; [@bib52]; [@bib17]).

In addition to these efforts, which build on previous insights into the linear signaling pathways through which RAS promotes cellular viability and proliferation, several studies have used large-scale functional genomic screens to search for genes that are aberrantly required as a result of adaptation to a transforming KRAS mutation and might therefore represent new therapeutic targets ([@bib3]; [@bib24]; [@bib40]; [@bib51]; [@bib50]). Using high-throughput RNA interference (RNAi), we recently described that the expression of a functionally uncharacterized serine/threonine kinase, STK33, is required by human cancer cells that are dependent on mutant KRAS, but not untransformed cells or cancer cells with a different oncogenic lesion ([@bib40]). Although the role of STK33 in normal cellular physiology and in KRAS mutant cancer cells is not well understood, the enhanced STK33 dependence of KRAS mutant cells supports STK33 as an attractive target for therapy that could be pursued with drug discovery approaches. However, to inform this strategy, additional studies are necessary to better understand the functional link between mutant KRAS and STK33 and to elucidate the mechanism through which STK33 promotes cancer cell viability.

The primary goal of this study was to gain insight into the signaling pathways through which STK33 functions in human cancer cells. Using mass spectrometry--based proteomics, we observed that STK33 physically interacts with components of the HSP90 chaperone complex that is essential for the proper folding, stabilization, and activation of numerous proteins involved in cell survival and proliferation ([@bib34]; [@bib46]), including oncoproteins that are mutated or overexpressed in certain cancer types ([@bib15]; [@bib14]; [@bib39]; [@bib8]; [@bib29]). Genetic or pharmacologic inhibition of HSP90 in human cancer cell lines of various tissue origin induced proteasome-mediated degradation of STK33, resulting in apoptosis, both in vitro and in xenotransplant tumors, preferentially in cells harboring mutant KRAS. Furthermore, cells derived from KRAS mutant primary human colon carcinomas were significantly more sensitive to HSP90 inhibitor treatment. These findings identify STK33 as a new HSP90 client protein and provide mechanistic insight into the activity of HSP90 inhibitors in KRAS mutant cancer cells that has been noted before but remained unexplained until now ([@bib55]; [@bib54]; [@bib44]). Furthermore, the data indicate that the requirement for STK33 may be exploited to target mutant KRAS-driven cancers, and suggest a therapeutic strategy that could be evaluated immediately because HSP90 inhibitors are currently undergoing clinical evaluation in patients with various malignancies. Finally, these results show that the optimal use of HSP90 inhibitors will depend on understanding the functional dependencies of specific cancers, and support KRAS mutation status as a marker for predicting responsiveness to these agents.

RESULTS
=======

HSP90 binds to and stabilizes STK33 in human cancer cells
---------------------------------------------------------

We used a mass spectrometry--based approach to identify STK33 protein interaction partners in human cancer cells. The breast cancer cell lines MDA-MB-231 (harboring a KRAS^G13D^ mutation) and BT-20 (harboring WT KRAS) were stably transduced with a lentiviral vector encoding Flag-tagged STK33 or an empty control vector. Protein lysates of these cell lines were incubated with anti-Flag agarose, and isolated proteins were separated by PAGE ([Fig. 1 a](#fig1){ref-type="fig"}). Each lane was excised and divided into 10 equally sized pieces, and peptides were sequenced by microcapillary reverse-phase HPLC nanoelectrospray tandem mass spectrometry. The most highly enriched proteins in the STK33-expressing samples were two members of the HSP90 family of chaperones, HSP90AB1 (also known as HSP90B) and HSP90AA1 (also known as HSP90A). In addition, the HSP90 adaptor protein CDC37 was also significantly overrepresented in the STK33-expressing samples ([Fig. 1 b](#fig1){ref-type="fig"}). Coimmunoprecipitation (coIP) experiments with MDA-MB-231 cells stably expressing hemagglutinin (HA)-tagged STK33 confirmed the binding of STK33 to HSP90 and CDC37 ([Fig. 1 c](#fig1){ref-type="fig"}).

![**HSP90 associates with and stabilizes STK33.** (a) Anti-Flag IPs were performed with KRAS WT BT-20 and KRAS mutant MDA-MB-231 breast cancer cell lines stably transduced with empty vector (EV), N-terminally Flag-tagged STK33 (Flag-STK33), or C-terminally Flag-tagged STK33 (STK33-Flag), and the resulting protein complexes were separated by PAGE and stained with Coomassie. Peptides isolated from each lane were analyzed by mass spectrometry. The STK33 band is indicated by an asterisk. SM, size marker. (b) Number of peptides representing proteins highly enriched in STK33-containing IPs. (c) Anti-HA IPs were performed with MDA-MB-231 cells stably transduced with empty vector (EV), N-terminally HA-tagged STK33 (HA-STK33), or C-terminally HA-tagged STK33 (STK33-HA), and immunoblots were probed with antibodies against HSP90A/B, CDC37, and HA. One of three independent experiments is shown. (d) Protein expression of HSP90A, HSP90B, STK33, and cleaved PARP in lung (NCI-H520, A549) and colon (Caco-2, HCT-116) carcinoma cells transduced with a nontargeting control shRNA or a shRNA-targeting HSP90A or HSP90B. One of two independent experiments is shown.](JEM_20111910_Fig1){#fig1}

HSP90 is known to stabilize and activate multiple proteins (so-called "clients"; [@bib34]; [@bib46]), several of which are mutated or overexpressed in human cancer ([@bib15]; [@bib14]; [@bib39]; [@bib8]; [@bib29]). In some cases, HSP90 acts in a complex with CDC37, which specifically maintains the proper folding and function of protein kinases ([@bib46]). To investigate whether HSP90 is required for STK33 stability, we used lentiviral short hairpin RNA (shRNA) vectors to suppress HSP90A and HSP90B expression in a panel of lung and colon cancer cell lines that were dependent on mutant KRAS and STK33 as assessed by anchorage-independent growth in soft agar and tumor formation in immunocompromised mice (A549, HCT-116; [@bib40]), or that lacked mutant KRAS (NCI-H520, Caco-2). We determined STK33 protein levels by Western blot analysis. Knockdown of HSP90A and HSP90B depleted STK33 protein in all cell lines, irrespective of KRAS mutation status ([Fig. 1 d](#fig1){ref-type="fig"}). However, STK33 degradation was accompanied by induction of apoptosis, as indicated by increased PARP cleavage, in mutant KRAS- and STK33-dependent cell lines but not in cell lines harboring WT KRAS ([Fig. 1 d](#fig1){ref-type="fig"}). Together, these observations identified STK33 as a new HSP90 chaperone client and suggested STK33 depletion via HSP90 inhibition as a potential strategy to target mutant KRAS-dependent cancer cells.

Pharmacologic HSP90 inhibition degrades STK33 and induces apoptosis in mutant KRAS-dependent cancer cells
---------------------------------------------------------------------------------------------------------

Because of its function in stabilizing various oncoproteins, HSP90 has emerged as a promising cancer drug target, and several ATP-competitive HSP90 inhibitors are currently under investigation in clinical trials ([@bib48]; [@bib49]). To address the possibility that the functional relationship between STK33 and HSP90 could be exploited therapeutically, we investigated whether pharmacologic HSP90 inhibition would have the same effect on STK33 stability as shRNA-mediated HSP90 knockdown, and whether depletion of STK33 through HSP90 inhibition would induce apoptosis preferentially in cancer cells that rely on mutant KRAS for their survival.

We treated 12 human cancer cell lines (KRAS mutant, *n* = 6; KRAS WT, *n* = 6), representing four different cancer types (lung cancer, colon cancer, breast cancer, and acute myeloid leukemia \[AML\]), with increasing concentrations of two different compounds; the benzoquinone ansamycin 17-AAG, the first HSP90 inhibitor that entered clinical trials ([@bib21]); and PU-H71, an optimized, water-soluble member of the purine class of HSP90 inhibitors ([@bib47]). We observed that both inhibitors caused dose-dependent degradation of STK33 in all cell lines, regardless of tissue origin or KRAS mutation status ([Fig. 2 a](#fig2){ref-type="fig"} and not depicted). Analysis of PARP cleavage showed that all six cell lines with mutant KRAS underwent apoptosis in response to HSP90 inhibitor treatment, whereas the KRAS WT cell lines were unaffected. Administration of 17-AAG or PU-H71 also led to increased cleavage and activity of caspase 9 in KRAS mutant, but not KRAS WT cell lines ([Fig. 2, a and b](#fig2){ref-type="fig"}), consistent with previous data showing that apoptosis induced by STK33 suppression in mutant KRAS-dependent cells is mediated via the mitochondrial pathway ([@bib40]). Monitoring of cell viability in the presence of low PU-H71 concentrations also demonstrated the higher sensitivity of mutant KRAS-dependent cell lines to this compound ([Fig. 2 c](#fig2){ref-type="fig"}). These findings indicated that, because of their ability to efficiently degrade STK33, HSP90 inhibitors may represent an approach to targeting human cancers associated with mutant KRAS essentiality, and confirmed previous observations that suppression of STK33 kills mutant KRAS-dependent cancer cells of various tissue origin ([@bib40]).

![**Pharmacologic inhibition of HSP90 depletes STK33 and preferentially induces apoptosis in mutant KRAS-dependent cancer cells.** (a) Immunoblots of lung cancer (NCI-H520, A549), colon cancer (Caco-2, HCT-116), breast cancer (BT-20, MDA-MB-231), and AML (HL-60, SKM-1) cell lines incubated with increasing concentrations of PU-H71 or 17-AAG for 24 h. (b) Caspase 9 activity in KRAS mutant (mut) and KRAS WT cancer cell lines incubated with 0.5 µM PU-H71 for 24 h. Experiments were done in triplicate. Error bars represent mean ± SEM. One of two independent experiments is shown. (c) Viability and proliferation of mutant KRAS-dependent (mut) and KRAS WT cancer cell lines incubated with low PU-H71 concentrations for 48 h. Experiments were done in triplicate. Error bars represent mean ± SEM. One of two independent experiments is shown.](JEM_20111910_Fig2){#fig2}

Degradation of STK33 is essential for enhanced killing of mutant KRAS-dependent cancer cells by HSP90 inhibitors
----------------------------------------------------------------------------------------------------------------

HSP90 is involved in stabilizing multiple proteins that promote cancer cell survival, including known RAS effectors such as components of the PI3K-AKT and MAPK signaling pathways ([@bib34]; [@bib46]). We therefore sought additional evidence that the induction of apoptosis in mutant KRAS-dependent cancer cells upon HSP90 inhibition can be attributed to depletion of STK33.

We first performed time course experiments to determine whether down-modulation of STK33 preceded the induction of apoptosis. We treated mutant KRAS- and STK33-dependent MDA-MB-231 and A549 cells with 5 µM 17-AAG or 1 µM PU-H71 for 4, 8, 12, 16, 20, and 24 h and observed that STK33 levels began to decrease at 4 h, with maximum depletion occurring after 12 h. STK33 degradation was followed by PARP cleavage after 12--16 h, consistent with causality between reduction in STK33 protein expression and apoptosis induction, rather than an unspecific change associated with cell death ([Fig. 3 a](#fig3){ref-type="fig"} and not depicted). In contrast, cellular KRAS levels were not reduced by treatment with PU-H71 (unpublished data), confirming previous observations that KRAS is not an HSP90 client ([@bib44]).

![**Causal relationship between degradation of STK33 and killing of mutant KRAS-dependent cancer cells by HSP90 inhibitors.** (a) Immunoblots of mutant KRAS-dependent breast cancer (MDA-MB-231) and lung cancer (A549) cell lines incubated with 1 µM PU-H71 for the indicated times. (b) Immunoblot of MDA-MB-231, A549, and Calu-1 cells stably transduced with empty vector (EV) or STK33 and incubated with different concentrations of PU-H71 for 24 h. Cleaved PARP bands were quantified by densitometric analysis using the ImageJ program. Results of two to three independent experiments are shown. RU, relative unit. (c) Caspase 9 activity in KRAS mutant breast cancer (MDA-MB-231) and lung cancer (Calu-1) cell lines transduced with empty vector (EV) or STK33 and incubated with 0.5 µM PU-H71 for 24 h. Experiments were done in triplicate. Error bars represent mean ± SEM. (d) Immunoblot of KRAS WT MDA-MB-453 breast cancer (ERBB2-amplified) and MOLM-14 AML (FLT3-mutated) cells stably transduced with empty vector (EV) or STK33 and incubated with different concentrations of PU-H71 for 24 h. (e) Immunoblot of MDA-MB-231 cells that evaded apoptosis induced by shRNA-mediated STK33 knockdown after incubation with increasing concentrations of PU-H71 for 24 h. All results were confirmed in at least one additional independent experiment.](JEM_20111910_Fig3){#fig3}

Second, we investigated whether forced expression of STK33 protected mutant KRAS-dependent cells from the apoptotic effects of HSP90 inhibition, as this would confirm STK33 as a protein whose depletion mediates the sensitivity of mutant KRAS-driven cells to HSP90 inhibition. We treated MDA-MB-231, A549, and Calu-1 cells overexpressing STK33 with increasing concentrations of 17-AAG or PU-H71 and determined the abundance of STK33 and cleaved PARP by Western blot analysis. As expected, exogenous STK33 was also subject to degradation; however, the higher remaining STK33 levels partially rescued cell viability after HSP90 inhibitor treatment in a dose-dependent manner ([Fig. 3 b](#fig3){ref-type="fig"} and not depicted). Overexpression of STK33 also reduced caspase 9 activity and led to a shift of the dose--response curve in mutant KRAS-dependent cells after treatment with PU-H71 ([Fig. 3 c](#fig3){ref-type="fig"} and not depicted). In contrast, exogenous STK33 did not prevent apoptosis in MDA-MB-453 breast cancer cells and MOLM-14 AML cells that are known to be highly dependent on different HSP90 clients (ERBB2 \[also known as HER2\] and FLT3, respectively), indicating that the partial rescue observed in KRAS mutant cells was not an unspecific effect caused by supraphysiological expression of STK33 ([Fig. 3 d](#fig3){ref-type="fig"}).

Third, we cultured MDA-MB-231 cells stably expressing a shRNA targeting STK33 over a period of 3 wk and isolated the cells that evaded apoptosis despite sufficient STK33 knockdown. In agreement with the hypothesis that these "escaper" cells also had diminished sensitivity to STK33 depletion via HSP90 inhibition, treatment with 17-AAG or PU-H71 resulted in reduced PARP cleavage compared with cells transduced with a nontargeting control shRNA ([Fig. 3 e](#fig3){ref-type="fig"} and not depicted).

Finally, we examined whether the genotype-selective effect of HSP90 inhibitor treatment might be caused by depletion of other proteins involved in KRAS-mediated oncogenesis that have been reported to be HSP90 clients. Specifically, we focused on the serine/threonine kinases RAF1 and AKT1 that are immediate downstream effectors of KRAS. Treatment of MDA-MB-231 cells with 1 µM PU-H71 over 24 h resulted in efficient RAF1 and AKT1 depletion in a time-dependent manner comparable to STK33 ([Fig. 4 a](#fig4){ref-type="fig"}). This suggested that depletion of RAF1 or AKT1 might contribute to apoptosis induction in KRAS mutant cells after HSP90 inhibition. To investigate this possibility, we evaluated RAF1 and AKT1 dependence in three KRAS mutant cancer cell lines using shRNA-mediated RNAi. Suppression of RAF1 and AKT1 increased apoptosis in HCT-116 colon cancer cells, but not in A549 lung cancer cells and MDA-MB-231 breast cancer cells, arguing against RAF1 and AKT1 as the HSP90 clients responsible for the genotype-selective effect of HSP90 inhibitors across different tissues ([Fig. 4, b and c](#fig4){ref-type="fig"}). Consistent with this conclusion, overexpression of RAF1 and AKT1 in these cell lines did not rescue cell viability after PU-H71 treatment ([Fig. 4 d](#fig4){ref-type="fig"}).

![**Relationship between degradation of AKT1 or RAF1 and killing of mutant KRAS-dependent cancer cells by HSP90 inhibitors.** (a) Immunoblots of MDA-MB-231 cells incubated with 1 µM PU-H71 for the indicated times showing depletion of AKT1 and RAF1. (b and c) PARP cleavage in mutant KRAS-dependent lung cancer (A549), breast cancer (MDA-MB-231), and colon cancer (HCT-116) cell lines transduced with shRNAs targeting AKT1 (c) and RAF1 (b), respectively, or a nontargeting control shRNA. (d) Immunoblots of A549, MDA-MB-231, and HCT-116 cells stably transduced with empty vector (EV), AKT1, or RAF1 and incubated with 1 µM PU-H71 for 24 h. All results were confirmed in at least one additional independent experiment.](JEM_20111910_Fig4){#fig4}

Together, these data supported the concept that degradation of STK33 is required for killing of KRAS mutant cancer cells of diverse tissue origin by 17-AAG or PU-H71, and indicated that the degree of dependence on STK33 dictates the sensitivity of human cancer cells to HSP90 inhibition. Depletion of other clients, such as RAF1 and AKT1, probably contributes to the apoptotic effect of HSP90 inhibitors in cells that rely on the expression of these proteins.

HSP90 inhibition induces ubiquitination and proteasomal degradation of STK33
----------------------------------------------------------------------------

We next evaluated the mechanism of STK33 depletion caused by HSP90 inhibitor treatment. To investigate whether STK33 is degraded via the lysosomal pathway, we incubated KRAS mutant A549 lung cancer cells with the lysosome inhibitor NH~4~Cl followed by PU-H71 treatment, and determined the abundance of STK33 protein in the detergent-soluble and insoluble fractions by Western blot analysis. Pretreatment with NH~4~Cl did not increase STK33 protein levels compared with incubation with PU-H71 alone, indicating that STK33 is not degraded via the lysosomal pathway ([Fig. 5 a](#fig5){ref-type="fig"}). In contrast, treatment of A549 cells with two proteasome inhibitors, MG-132 and bortezomib, followed by incubation with PU-H71 rescued STK33 protein levels and resulted in redistribution of STK33 to the detergent-insoluble fraction; this result was confirmed in MDA-MB-231 and HCT-116 cells ([Fig. 5 b](#fig5){ref-type="fig"} and not depicted). Consistent with its degradation via the proteasomal pathway, STK33 was extensively ubiquitinated in 293T cells after treatment with PU-H71 in combination with MG-132, resulting in a molecular weight of more than 250 kD ([Fig. 5 c](#fig5){ref-type="fig"}).

![**PU-H71 induces ubiquitination and proteasomal degradation of STK33.** (a) Immunoblot of A549 cells treated with 20 mM NH~4~Cl for 2 h, followed by incubation with 0.5 µM PU-H71 for 16 h. One of two independent experiments is shown. (b) Immunoblot of A549 cells treated with 10 µM MG-132 for 2 h, followed by incubation with 0.5 µM PU-H71 for 16 h. (c) IP of HA-tagged STK33 from 293T cells treated with or without 1 µM PU-H71 for 7 h and 10 µM MG-132 for the final 3 h. Ubiquitinated STK33 appears as a smear with high molecular weight. One of three independent experiments is shown. (d) Anti-Flag IPs were performed with KRAS WT BT-20 and mutant KRAS-dependent MDA-MB-231 cells stably transduced with empty vector (EV), N-terminally Flag-tagged STK33 (Flag-STK33), or C-terminally Flag-tagged STK33 (STK33-Flag), and the resulting protein complexes were analyzed by mass spectrometry. The enrichment of peptides representing proteins involved in the ubiquitin/proteasome system is shown. (e) Immunoblot of MDA-MB-231 and A549 cells transduced with empty vector (EV) or BAG2 and treated with 0.5 µM PU-H71 for 24 h. (f) Immunoblot of HCT-116 and A549 cells transduced with a nontargeting control shRNA or shRNAs targeting BAG2. (g) Anti-Flag IPs were performed with MDA-MB-231 cells stably transduced with empty vector (EV) or Flag-tagged STK33, and immunoblots were probed with antibodies against BAG2 and Flag. One of two independent experiments is shown. (h) Immunoblot of 293T cells transfected with HA-tagged STK33 or Xpress-tagged USP15 and USP5, respectively, and treated with or without 0.5 µM PU-H71 for 24 h. One of two independent experiments is shown. (i) MDA-MB-231 cells were transfected with a nontargeting control shRNA or a shRNA targeting HERC2. After 3 d, cells were incubated with 1 µM PU-H71 for 18 h, as indicated. Protein levels were analyzed by Western blotting using the indicated antibodies. One of two independent experiments is shown.](JEM_20111910_Fig5){#fig5}

To search for proteins that might regulate STK33 stability, we interrogated the list of candidate STK33 interaction partners identified in the mass spectrometry experiment shown in [Fig. 1 a](#fig1){ref-type="fig"}. Among the proteins enriched in STK33-containing IPs were BAG2, a BAG domain-containing protein that inhibits the degradation of chaperone-bound cytoplasmic proteins via the ubiquitin/proteasome system ([@bib9]); USP5 and USP15, two ubiquitin-specific peptidases; and HERC2, an E3 ubiquitin ligase ([Fig. 5 d](#fig5){ref-type="fig"}). To evaluate whether BAG2 is involved in the control of STK33 stability, we transduced MDA-MB-231 and A459 cells with a lentiviral vector encoding BAG2 and determined STK33 protein abundance after treatment with PU-H71. Consistent with the hypothesis that BAG2 inhibits STK33 degradation, BAG2 overexpression rescued STK33 protein levels in the presence of PU-H71 in both cell lines, and this was associated with decreased apoptosis, as indicated by reduced PARP cleavage ([Fig. 5 e](#fig5){ref-type="fig"}). Conversely, shRNA knockdown of BAG2 in HCT-116 and A549 cells decreased STK33 expression ([Fig. 5 f](#fig5){ref-type="fig"}). Binding of BAG2 to STK33 was confirmed in coIP experiments with MDA-MB-231 cells stably expressing Flag-tagged STK33 ([Fig. 5 g](#fig5){ref-type="fig"}). To examine whether USP5 and USP15 can deubiquitinate STK33, we analyzed 293T cells co-transfected with HA-tagged STK33 and either USP5 or USP15. Neither USP5 nor USP15 overexpression protected STK33 from HSP90 inhibitor-induced degradation, indicating that other ubiquitin-specific peptidases are involved in regulating STK33 stability ([Fig. 5 h](#fig5){ref-type="fig"}). To investigate whether HERC2 attaches ubiquitin to STK33 after HSP90 inhibition, we determined STK33 protein levels in the context of HERC2 knockdown in MDA-MB-231 cells after treatment with PU-H71. Depletion of HERC2 did not enhance STK33 stability, arguing against HERC2 as an STK33-specific ubiquitin ligase ([Fig. 5 i](#fig5){ref-type="fig"}). Together, these findings demonstrated that degradation of STK33 upon HSP90 inhibition occurs via the proteasomal pathway and is negatively regulated by BAG2.

HSP90 inhibition impairs growth of mutant KRAS-dependent tumors in vivo in an STK33-dependent manner
----------------------------------------------------------------------------------------------------

To verify the genotype-dependent apoptotic effect of HSP90 inhibitors in vivo, we first performed xenotransplantation experiments using a chicken chorioallantoic membrane (CAM) assay that mitigates pharmacokinetic liabilities of certain HSP90 inhibitors in rodent xenograft models. Mutant KRAS-dependent HCT-116 and KRAS WT Caco-2 colon cancer cells were deposited on the surface of chicken CAM 8 d after fertilization, and tumor formation was observed after 24 h. 17-AAG (5 µM) and PU-H71 (1 µM) were administered 24 and 48 h after implantation, and xenograft tumors were measured and analyzed by immunohistochemistry (IHC) after 72 h. Treatment of HCT-116 cells with either inhibitor resulted in a significant decrease in tumor size, whereas Caco-2 cells were unaffected ([Fig. 6 a](#fig6){ref-type="fig"}). IHC analysis showed that STK33 was efficiently degraded in all tumors after incubation with HSP90 inhibitors ([Fig. 6 b](#fig6){ref-type="fig"}). However, enhanced apoptosis, as assessed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), was only observed in KRAS mutant HCT-116 cells, but not in KRAS WT Caco-2 cells ([Fig. 6 c](#fig6){ref-type="fig"}). The effects of HSP90 inhibition on tumor growth and cell viability in the context of mutant KRAS dependence could be recapitulated in MDA-MB-231 breast cancer cells ([Fig. 7, a and b](#fig7){ref-type="fig"}). The cytotoxicity of 17-AAG and PU-H71 was reversed by exogenous overexpression of STK33, as indicated by restored tumor formation and diminished apoptosis, again supporting a causal relationship between STK33 depletion and killing of mutant KRAS-dependent cancer cells through HSP90 inhibition ([Fig. 7, a and b](#fig7){ref-type="fig"}). The specificity of the STK33 antibody used for IHC was confirmed by staining of xenograft tumors derived from cancer cell lines that were stably transduced with three different shRNAs targeting STK33 and grown on CAM or in nude mice (unpublished data).

![**HSP90 inhibition impairs the growth of mutant KRAS-dependent colon tumors on chicken CAM.** (a) Tumor formation on chicken CAM of KRAS WT (Caco-2) and mutant KRAS-dependent (HCT-116) colon cancer cell lines treated with 5 µM 17-AAG or 1 µM PU-H71 or vehicle for 48 h. Representative photographs of tumors (cells were deposited within a 5-mm silicon ring to allow drug administration) and tumor areas (error bars represent mean ± SEM of four to six tumors) are shown. Bar, 1.5 mm. (b and c) IHC analysis of CAM tumors shown in a. STK33 protein expression (b) and TUNEL staining (c) of Caco-2 and HCT-116 tumors. Representative photographs of tissue sections and the proportion of TUNEL-positive cells (error bars represent mean ± SEM of four microscopic fields with 600 cells) are shown. NS, not significant. Insets in c show details of the corresponding photographs. Bar: 125 µm; inset, 25 µm.](JEM_20111910_Fig6){#fig6}

![**STK33 overexpression restores the growth of mutant KRAS-dependent breast tumors treated with HSP90 inhibitors.** (a) Tumor formation on chicken CAM of mutant KRAS-dependent MDA-MB-231 breast cancer cells stably transduced with Flag-tagged STK33 or empty vector (EV) and treated with 5 µM 17-AAG or 1 µM PU-H71 for 48 h. Representative photographs of tumors and tumor areas (error bars represent mean ± SEM of four to six tumors) are shown. NS, not significant. Bar, 1.5 mm. (b) IHC analysis of CAM tumors shown in a. Representative photographs of tissue sections and the proportion of TUNEL-positive cells (error bars represent mean ± SEM of four microscopic fields with 600 cells) are shown. EV, empty vector. Insets show details of the corresponding photographs. Bar: 125 µm; inset, 25 µm.](JEM_20111910_Fig7){#fig7}

Based on these observations in the chicken CAM xenograft system, we sought confirmation in immunodeficient mice. We first assessed the kinetics of STK33 degradation in vivo by transplantation of HCT-116 cells s.c. into nude mice and, after tumor formation, we injected either 75 mg per kg body weight PU-H71 or PBS i.p. Mice were sacrificed 12, 24, 48, and 72 h later, and STK33 protein levels in tumors were determined by Western blot analysis. STK33 degradation was evident 12 h after treatment and was sustained beyond 72 h ([Fig. 8 a](#fig8){ref-type="fig"}). To evaluate the effect of PU-H71 treatment on tumor growth, we injected mutant KRAS-dependent (SW-480, HCT-116) and KRAS WT (Caco-2, Colo-320HSR) colon cancer cell lines s.c. into both flanks of nude mice. After the formation of tumors, mice received either 75 mg per kg body weight PU-H71 or vehicle (PBS) i.p. 3 times per wk. Tumor growth was monitored, and mice were sacrificed when tumors reached the maximum size permitted by the institutionally approved protocol (Colo-320HSR), or after 3 wk (SW-480, HCT-116, Caco-2). Consistent with the in vitro and CAM assays, growth of KRAS mutant tumors was substantially inhibited by PU-H71, whereas KRAS WT tumors were unaffected ([Fig. 8 b](#fig8){ref-type="fig"}). Furthermore, apoptosis, as assessed by TUNEL, was selectively increased in KRAS mutant tumors ([Fig. 8 c](#fig8){ref-type="fig"}). Degradation of STK33 protein in tumors was verified by Western blot analysis ([Fig. 8 d](#fig8){ref-type="fig"}). These data demonstrated that HSP90 inhibition efficiently depletes STK33 in vivo and impairs tumor formation of KRAS mutant cancer cells in an STK33-dependent manner.

![**HSP90 inhibition impairs the growth of mutant KRAS-dependent tumors in nude mice.** (a) Immunoblot of HCT-116 tumors. After tumor formation, mice were injected once with 75 mg per kg body weight PU-H71 or PBS, and tumors were harvested after the indicated times. One mouse per condition and time point was analyzed. (b) Effects of PU-H71 on tumor formation of mutant KRAS-dependent (SW-480, HCT-116) and KRAS WT (Caco-2, Colo-320HSR) colon cancer cell lines in nude mice. Photographs of representative tumors and tumor volumes (error bars represent mean ± SEM of 7--14 tumors from 4--7 mice) are shown. (c) IHC analysis of tumors shown in b. Representative photographs of tissue sections and the proportion of TUNEL-positive cells (error bars represent mean ± SEM of four microscopic fields with 600--800 cells) are shown. NS, not significant. Bar, 125 µm. (d) Immunoblot of tumors shown in b demonstrating STK33 expression in treated mice. Tumors were harvested 24 h after the last injection.](JEM_20111910_Fig8){#fig8}

Effects of HSP90 inhibition on primary human colon tumor-initiating cells
-------------------------------------------------------------------------

To evaluate whether the findings in cell lines could be extrapolated to primary human cancer cells, we generated sphere cultures that allow the enrichment and expansion of cells with tumor-initiating properties from five surgically resected colon carcinomas. DNA sequence analysis identified a *KRAS* mutation in three of the five samples ([Fig. 9 a](#fig9){ref-type="fig"}). To examine the response to HSP90 inhibition, single cells were seeded in 96-well plates and incubated with 0.5 µM PU-H71 for 48 h. Sphere formation of KRAS mutant cells was abrogated by PU-H71, whereas KRAS WT cells showed residual sphere-forming capacity ([Fig. 9 b](#fig9){ref-type="fig"}). Furthermore, PU-H71 had a significantly stronger inhibitory effect on cell viability and proliferation in KRAS mutant versus KRAS WT cultures ([Fig. 9, c and d](#fig9){ref-type="fig"}). Together, these results indicated that HSP90 inhibitors target KRAS mutant primary human colon cancer cells with tumor-initiating capacity, further supporting the idea that HSP90 inhibitors could be effective in the treatment of KRAS mutant cancers.

![**HSP90 inhibition impairs the survival of primary KRAS mutant colon tumor-initiating cells.** (a) Characteristics of primary human colon cancer samples used for the generation of sphere cultures. (b) Photographs of colon cancer sphere cultures treated with 0.5 µM PU-H71 or PBS for 48 h. Bar, 200 µm. (c) Viability and proliferation of colon cancer sphere cultures incubated with 0.5 µM PU-H71 for 48 h. 6--12 independent experiments were done. Error bars represent mean ± SD. (d) Cumulative analysis of the response to PU-H71 of the different patient-derived sphere cultures according to KRAS status. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.0001.](JEM_20111910_Fig9){#fig9}

DISCUSSION
==========

Inhibition of constitutively active KRAS has long been pursued as a potential strategy for the treatment of cancer. However, attempts to target mutant KRAS directly have not met with success ([@bib11]; [@bib28]; [@bib37]). To overcome this challenge, several studies have identified co-dependencies that KRAS mutant cancer cells have on interacting nononcogenes, which encode a wide range of proteins, such as kinases, transcriptional regulators, and adhesion molecules ([@bib43]; [@bib40]; [@bib24]; [@bib3]; [@bib35]; [@bib51]; [@bib50]). Although these molecules represent promising therapeutic targets, in principle, no specific inhibitors exist for most of them. In addition, the mechanistic underpinnings of the requirement for certain nononcogenes in KRAS mutant cancer cells are unknown, further complicating efforts to develop small molecules that target such dependencies.

To work toward genotype-informed treatment of cancers driven by mutant KRAS, we focused on STK33, a serine/threonine kinase of unknown function that is selectively required by mutant KRAS-dependent human cancer cell lines ([@bib40]). Using a quantitative protein interaction screen, we found that STK33 is a novel client of the HSP90 chaperone complex. Pharmacologic inhibition of HSP90 with structurally divergent small molecules resulted in destabilization and proteasomal degradation of STK33, regardless of cell type and KRAS mutation status. On the functional level, however, HSP90 inhibitors were preferentially toxic to mutant KRAS-driven cells of various tissue origin, both in vitro and in vivo, supporting the view that STK33 represents a relevant target in this particular context. A correlation between mutant KRAS and sensitivity to treatment with HSP90 inhibitors of the ansamycin family was recently observed in human lung cancer cell lines and a mouse model of lung adenocarcinoma ([@bib44]), as well as in human colon cancer cell lines ([@bib54]). Furthermore, clinical activity of the second-generation HSP90 inhibitor ganetespib was noted in patients with KRAS mutant non--small cell lung cancer ([@bib55]). Our data now provide a molecular explanation for this association and demonstrate that it can be extrapolated to other cancers with KRAS mutations.

Abundant preclinical evidence indicates that HSP90 inhibitors are potent anticancer agents because of their capacity to compromise the stability of key oncogenic proteins, such as BCR-ABL1, EGFR, ERBB2, FLT3, JAK2, and BCL6, which drive malignant transformation through mutational activation or overexpression ([@bib30]; [@bib15]; [@bib14]; [@bib39]; [@bib8]; [@bib29]). In this context, the cytotoxic effect of HSP90 inhibition can be attributed to oncogene addiction, the dependence of a tumor on a particular oncogene that is altered in that tumor. The data reported here illustrate that in cancer cells, HSP90 is also important for maintaining the function of gene products that lack structural abnormalities or deregulated expression, but nevertheless exhibit essentiality in specific contexts, and thereby expand the repertoire of indications for HSP90 inhibitors to secondary, nononcogene dependencies. This might be particularly relevant in the context of intractable oncoproteins that cannot be inhibited directly and are not HSP90 clients, such as mutant KRAS.

Given that HSP90 stabilizes diverse regulators of cell viability and proliferation ([@bib46]), it often remains elusive whether cell killing upon HSP90 inhibition is mediated by depletion of a single client or simultaneous degradation of multiple proteins required for the transformed phenotype. In addition, it has been postulated that HSP90 inhibitors may act through a more general effect on protein homeostasis. Our findings indicate that the exquisite sensitivity of mutant KRAS-dependent cancer cells to these agents is primarily related to depletion of STK33. First, the degradation of STK33 induced by HSP90 inhibitor treatment preceded apoptosis and thus did not represent an unspecific change associated with cell death. Second, forced expression of STK33-rescued cell viability after HSP90 inhibitor treatment in KRAS mutant cells, but not in KRAS WT cancer cells that are dependent on a different HSP90 client. Third, KRAS mutant cancer cells that had escaped the apoptotic effect of RNAi-mediated STK33 knockdown were partially resistant to 17-AAG and PU-H71. In contrast to these observations, depletion of RAF1 and AKT1, which are established KRAS effectors that are also known to be HSP90 clients, resulted in apoptosis only in a subset of KRAS mutant cell lines. Thus, although it is clear that various HSP90 substrates contribute to the anticancer effects of HSP90 inhibitors in different contexts, STK33 dependence emerges as an important determinant of the response of KRAS mutant cells to these agents. These data not only provide mechanistic insight into the activity of HSP90 inhibitors in KRAS mutant tumors, but also provide additional compelling evidence for a preferential requirement for STK33 in mutant KRAS-dependent cancer cells. Like shRNA-mediated knockdown, HSP90 inhibitors target mutant KRAS-driven cancer cells through depletion of the entire STK33 protein. This property may be of particular relevance in view of recent observations that selective inhibition of STK33 enzymatic activity does not kill certain KRAS mutant cancer cell lines ([@bib1]; [@bib25]), indicating that nonkinase activities of STK33 may be responsible for its observed essentiality in RNAi-based studies, an important disparity that has also been reported for Aurora B and PI3 kinases ([@bib53]).

More generally, our results emphasize the need for predictive markers of benefit from HSP90 inhibitors. Early clinical trials have suggested that HSP90 inhibitors are not sufficiently effective in many cancers ([@bib5]; [@bib26]; [@bib49]). However, although there are several established pharmacodynamic biomarkers of HSP90 modulation ([@bib2]; [@bib58]; [@bib27]), few studies have selected patients on the basis of genetic factors or functional characteristics that might predict sensitivity to HSP90 inhibitors. Our data suggest that in certain cancers, such as those driven by mutant KRAS, the response to HSP90 inhibition is determined by their dependence on a single or a small number of client proteins, such as STK33, whose degradation cannot be compensated. Based on this observation, we hypothesize that the subset of patients who benefit from HSP90 inhibitors might be enriched for cases codependent on mutant KRAS and STK33. It will therefore be of interest to test tumor tissue from patients enrolled on clinical trials of these agents for the presence of KRAS mutations. Other examples of genetically defined cancers that appear to be hypersensitive to HSP90 inhibition include *ERBB2*-amplified breast cancer ([@bib31], [@bib32]) and lung adenocarcinomas driven by the *EML4*-*ALK* fusion gene ([@bib41]; [@bib33]). Thus, maximizing the clinical utility of HSP90 inhibitors as anticancer agents will require detailed knowledge of tumor genotypes and their associated phenotypic dependencies, illustrating the importance of combining structural and functional cancer genome efforts ([@bib6]).

Despite promising preclinical data, several HSP90 inhibitors have shown limited efficacy as monotherapy in phase 2 trials of patients with epithelial and hematopoietic malignancies ([@bib5]; [@bib26]; [@bib49]). This highlights several challenges, in addition to choosing the right indication, that may complicate the rational clinical development of HSP90 inhibitors, including redundancy between signaling pathways, influences of the tumor microenvironment, and inefficient inhibition of intratumoral HSP90 activity ([@bib56]; [@bib49]). Nevertheless, our findings demonstrate that HSP90 inhibitors are capable of inducing apoptosis in mutant KRAS-driven cancer cells by targeting their intrinsic dependence on STK33. We believe that this context-specific property of HSP90-targeted agents may best be exploited when coupled with conventional cytotoxic drugs or newer molecular cancer therapeutics, a strategy that has been successfully used in patients with multiple myeloma and ERBB2-positive breast cancer ([@bib31], [@bib32]; [@bib36]).

In conclusion, the identification of STK33 as a new HSP90 client provides a rationale for targeting mutant KRAS-driven cancers, which are notoriously difficult to treat, in a genetically informed way. Of note, the potential value of such a personalized therapeutic approach in patients could be assessed immediately given that several HSP90 inhibitors are currently in clinical development. Finally, at such time as efforts to develop STK33 inhibitors are complicated by incomplete understanding of the specific properties of STK33 that are relevant to KRAS-mediated oncogenesis, HSP90 inhibition provides an alternative means to invoke complete loss of STK33 function for therapeutic benefit.

MATERIALS AND METHODS
=====================

### Cell lines and inhibitors.

Cell lines were maintained under standard conditions. PU-H71, 17-AAG, and MG-132 for in vitro studies were obtained from Sigma-Aldrich. PU-H71 for injection into mice was synthesized as reported ([@bib7]). Bortezomib was obtained from LC Laboratories.

### Plasmids, transfection, and lentiviral transduction.

*STK33* and *BAG2* cDNAs were obtained from Open Biosystems. *RAF1* and *AKT1* cDNAs were obtained from W. Hahn and D. Root through Addgene (ID 23752 and 23832). Epitope tags were attached by PCR amplification. cDNAs were cloned into the pLenti6.2/V5-DEST lentiviral expression vector using Gateway Technology (Invitrogen). Xpress-tagged *USP5* and *USP15* cDNAs in the pcDNA4c vector were obtained from P. Howley through Addgene (ID 24744 and 23216). RNAi experiments were performed using pLKO.1 lentiviral shRNA vectors obtained from the TRC-Hs 1.0 (Human) shRNA library through Open Biosystems (shSTK33-1, TRCN0000002077; shSTK33-2, TRCN0000002079; shSTK33-3, TRCN0000002081; shHSP90A, TRCN0000001025; shHSP90B, TRCN0000008748; shBAG2-1, TRCN0000033590; shBAG-2, TRCN0000033591; shHERC2, TRCN0000118376; shRAF1, TRCN0000001067; shAKT1-1, TRCN0000039794; shAKT1-2, TRCN0000039797). For transient expression, cDNAs were transfected into 293T cells. Generation of viral supernatants and viral transduction were performed as described previously ([@bib40]).

### Mass spectrometry.

Whole-cell protein extracts were prepared using lysis buffer containing 20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 10% glycerol, and 0.5% NP-40 supplemented with Protease Arrest (G-Biosciences) and Phosphatase Inhibitor Cocktails 1 and 2 (Sigma-Aldrich). Protein extracts (9 mg BT-20; 17 mg MDA-MB-231) were precleared with 150 µl packed mouse IgG-Agarose (Sigma-Aldrich) for 1 h, and supernatants were incubated overnight with 150 µl packed Anti-FLAG M2 Affinity Gel beads (Sigma-Aldrich). Beads were washed five times in lysis buffer, and bound proteins were eluted using 3× FLAG Peptide (Sigma-Aldrich). Eluted proteins were concentrated with Microcon YM-10 centrifugal filter columns (Millipore) and separated by SDS-PAGE on a 4--12% gel. After staining of the gel with colloidal blue (Invitrogen), each lane was excised and cut into 10 equally sized pieces that were rinsed with HPLC water, followed by two washes in 50% acetonitrile. Peptides within each gel piece were sequenced at the Harvard Microchemistry and Proteomics Analysis Facility by microcapillary reverse-phase HPLC nanoelectrospray tandem mass spectrometry (μLC/MS/MS) on a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific).

### IP and Western blot analysis.

Whole-cell protein extracts for IP and direct Western blotting were prepared using IP-lysis buffer containing 10 mM Tris-HCl, 5 mM EDTA, 50 mM NaCl, 50 mM NaF, and 1% Triton-X100 supplemented with Complete Protease Inhibitor Cocktail Tablets (Roche). Insoluble fractions were prepared with buffer containing 2% SDS and subjected to 16 cycles of sonification (30 s). Soluble fractions were prepared using IP-lysis buffer. Protein extracts (50--100 µg) were subjected to SDS-PAGE and transferred to nitrocellulose membranes (Whatman). Membranes were blocked using 5% dry milk in PBS containing 0.2% Tween-20, followed by incubation with primary and HRP-linked secondary antibodies (GE Healthcare). For coIP, protein extracts (1--2 mg) were incubated with 2 µg of antibody and Protein G--Sepharose (GE Healthcare) at 4°C. Immobilized proteins were washed three times, resuspended in Laemmli buffer, and subjected to SDS-PAGE and Western blotting. Bands were quantified by densitometric analysis using ImageJ software (<http://imagej.nih.gov/ij>). The following antibodies were used: anti-FLAG M2 Affinity Gel, anti--β-actin (Sigma-Aldrich); anti-PARP, anti-caspase 9 (human-specific), anti-RAF1, and anti-AKT1 (Cell Signaling Technology); anti-STK33 (clone 4F7; Abnova); anti-HA (clone Y-11), anti-CDC37 (clone H-271), anti-HSP90α/β (clone H-114), anti-HSP90β (clone D-19), anti--K-Ras-2B (clone C-19), anti-Neu (clone H-200), and anti-FLT3 (clone C-20; Santa Cruz Biotechnology); anti-BAG2 (clone EPR3567; Epitomics); anti-HERC2 (clone 17; BD); anti-ubiquitin (EMD); anti-Xpress (Invitrogen); and anti-HSP90α (AB3466; Millipore).

### Cell viability and proliferation assays and analysis of caspase 9 activity.

Viability and proliferation of cell lines incubated with PU-H71 were determined using the CellTiter 96AQ~ueous~ One Solution Proliferation Assay (Promega). Caspase 9 activity was measured using the Caspase-Glo 9 Assay (Promega).

### CAM assay and IHC.

HCT-116, Caco-2, and MDA-MB-231 cells (1.3 × 10^6^ each) were deposited within 5-mm silicon rings on the surface of chicken CAM 8 d after fertilization. 17-AAG (5 µM) and PU-H71 (1 µM) were administered 24 and 48 h after implantation, and xenograft tumors were harvested after 72 h. Tumor areas were measured using ImageJ software. Formalin-fixed tumors were embedded in paraffin, and IHC was performed using the following antibodies: anti-STK33 (1:100; clone 4F7; Abnova) and anti-FLAG M2 (1:1,000; Sigma-Aldrich). Apoptotic cells were detected by TUNEL using the In Situ Cell Death Detection kit, POD (Roche) and quantified by counting \>600 cells from at least four microscopic fields.

### Mouse xenotransplantation experiments.

HCT-116, SW-480, Caco-2, and Colo-320HSR colon cancer cells (8 × 10^6^ each) were injected s.c. into the flanks of nude mice (NMRI-nu \[nu/nu\]; Janvier), and tumor formation was monitored. For each cell line, mice were separated into a treatment group and a control group (four to seven mice each) with comparable average tumor sizes. Mice in the treatment group received 75 mg per kg body weight PU-H71 i.p. three times per wk, and mice in the control group received PBS. Tumor size was measured weekly, and mice were sacrificed when tumors reached the maximum size permitted by the institutionally approved protocol or after 3 wk. IHC of tumors was performed as described for CAM experiments in the previous section. For Western blot analysis, tumors were frozen in liquid nitrogen and disintegrated, and protein extracts were prepared using IP-lysis buffer. Approval for the use of animals in this study was granted by the Animal Care and Use Committee at the Regierungspräsidium Tübingen under protocol number 1030.

### HSP90 inhibitor treatment of primary human colon cancer cells.

Tissue specimens from primary human colon carcinomas were obtained under an Institutional Review Board-approved protocol following written informed consent. Sphere cultures were established as previously described ([@bib22]) and maintained in DME/F-12 supplemented with 0.6% glucose, 1% penicillin/streptomycin, 2 mM [l]{.smallcaps}-glutamine, 4 µg/ml heparin, 5 mM Hepes, 4 mg/ml BSA, 10 ng/ml FGF basic (R&D Systems), and 20 ng/ml EGF (R&D Systems). For functional studies, tumor spheres were mechanically dissociated, and cells were seeded in 96-well plates according to the basal ATP level of the different patient cultures (SC-01 and SC-02, 400 cells; SC-03 and SC-04, 1,500 cells; SC-05, 3,000 cells). PU-H71 or PBS was added after 24 h, and cell viability was determined using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) after 48 h.

### Statistical analysis.

All results were confirmed in at least one independent experiment, although typically more (as indicated in figure legends). Statistical significance was assessed with an unpaired Student's *t* test using GraphPad Prism Version 5.0a (GraphPad Software).
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